NACA RM No. L8A15 


RRniWFB 


Copy No. 3 0 
RM No. L8A15 


NACA 


RESEARCH MEMORANDUM 

CASE FI L E 
COPY 

INVESTIGATION OF A SYSTEMATIC GROUP OF 


NACA 1 -SERIES COWLINGS WITH 
AND WITHOUT SPINNERS 



> 

Vj 




£ 

Ifc 

i 

i 

I* 

P 

jr 

i 

v-- 

\ 

1 

D;ji» 

MAY 5 \ 


By 


Mark R. Nichols and Arvid L. Keith, Jr. 

Langley Memorial Aeronautical Laboratory 
Langley Field, Va. 


CLASSIFIED DOCUMENT 


This document contains classified information 
affecting the National Defense of the United 
States within the meaning of the Espionage Act, 
USC 50:31 and 32. Its transmission or the 
revelation of its contents in any manner to an 
unauthorized person is prohibited by law. 

Information so classified may be Imparted 
only to persons in the military and naval 
services of the United States, appropriate 
civilian officers and employees of the Federal 
Government who have a legitimate interest 
therein, and to United States citizens of known 
loyalty and discretion who of necessity must be 
informed thereof. 


NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

May 5, 1948 


mmw> 


'-v-v. 


NACA RM No. L 8 AI 5 




m 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


RESEARCH MEMORANDUM 


INVESTIGATION OF A SYSTEMATIC GROUP OF 
NACA 1-SERIFS COWLINGS WITH 
AND WITHOUT SPINNERS 

By Mark R. Nichols and Arvid L. Keith, Jr. 

SUMMARY 


An investigation has been conducted in the Langley propeller— research 
tunnel to study cowling— spinner combinations based on the NACA 1— series 
nose inlets and to obtain systematic design data, for one family of approxi- 
mately ellipsoidal spinners. In the main part of the investigation, 11 of 
the related spinners were tested in various combinations with 9 NACA open— 
nose cowlings, which were also tested without spinners. The effects of 
location and shape of the spinner, shape of the inner surface cf the 
cowling lip, and operation of a propeller having approximately oval shanks 
were investigated briefly. In addition, a study was conducted to deter- 
mine the correct procedure for extrapolating design conditions determined 
from the low— speed test data to the design conditions at the actual flight 
Mach number. 

The design conditions for the NACA 1— series cowlings and cowling- 
spinner combinations are presented in the form of charts from which, for 
wide ranges of spinner proportions and rates of internal flow, cowlings 
with near-maximum pressure recovery can be selected for critical Mach 
numbers ranging from 0.70 to about O. 85 . In addition, the characteristics 
of the spinners and the effects of the spinners and the propeller on the 
cowling design conditions are presented separately to provide initial 
quantitative data for use in a general design procedure through which 
NACA. 1— series cowlings can be selected for use with spinners of other 
shapes. By use of this general design procedure, correlation curves 
established from the test data, and derived compressible— flow equations 
relating the inlet— velocity ratio to the surface pressures on the cowling 
and spinner, NACA 1— aeries cowlings and cowling— spinner combinations can 
be designed for critical Mach numbers as high as 0.9G. 


wetassffKis 


The NACA 1— series nose inlets are a systematic series of open— nose 
cowlings, each having a near-maximum critical speed for its particular 
values of length— diameter and inlet— diameter ratios at the correct rate 
cf internal flow, Eeference 1 reports the development of these cowlings. 
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presents a simple procedure for their selection, and demonstrates the 
general applicability of the ordinates used to the design of other high- 
critical— speed inlet configurations such as wing inlets, air scoops, and 
cowling-spinner combinations (D— type cowlings). Because of the great 
importance of the latter type of inlet in the case of conventional— engine 
and turbopropeller installations, a tentative procedure for the design 
of cowling— spinner combinations utilizing the NACA 1— series nose inlets 
as the basic component was also presented in reference 1. The usefulness 
of this procedure was seriously limited, however, by the lack of informa- 
tion defining quantitatively the effects of the spinner and the propeller 
on the performance of the cowling and on the characteristics of the 
entering flow. 

The present investigation was undertaken in the Langley propeller- 
research tunnel to make a detailed study of cowling— spinner combinations 
based on the NACA 1— series nose inlets and to obtain systematic design 
data for one family of approximately ellipsoidal spinners. For the main 
part of the investigation, in which 11 of the related spinners were 
variously combined with 9 NACA 1— series open— nose cowlings, the maximum 
diameter of the spinner was located at the cowling inlet. However, a 
representative configuration was tested with the spinner projected some- 
what farther ahead of the inlet, as might be used for a dual— rotating- 
propeller installation, and also withdrawn into the inlet, as is typical 
in the case of rotating cowlings (E— type cowlings) and jet— propulsion 
nacelles. Additional tests were conducted to study the characteristics 
of a conical spinner, designed to have a smaller pressure rise along its 
surface than that for the corresponding approximately ellipsoidal spinner, 
and to study the characteristics of a revised cowling— inner— lip shape 
using NACA 1— series ordinates to eliminate the internal flow separation 
which occurs at the higher inlet-velocity ratios in the case of the 
standard NACA 1— series cowlings. The nine NACA 1— series cowlings were 
also tested in the open— nose condition to establish a base for determining 
the effects of the spinners. 

The effects of propeller operation on the aerodynamic characteristics 
of a typical cowling— spinner combination were studied using a propeller 
with approximately oval shanks. Other propeller configurations were not 
investigated. However, reference 2 provides some information relative 
to the effects of propeller— shank configuration, and a beginning to the 
solution of the general propeller— cowling— interference problem is afforded 
by reference 3 which presents a detailed study of the speeds and direc- 
tions of the flow in the immediate field of seven of the cowling configu- 
rations presently reported. 

Inasmuch as the present tests were conducted at low airspeeds, the 
investigation necessarily included a study of the procedure required to 
determine the design operating conditions at the design flight Mach number 
from the low— speed test results. In this study, relations originally 
derived by German investigators for open— nose cowlings (references 4 and 5) 
were generalized to the case of the cowling— spinner combination and extended 
to obtain a solution fcr compressible flow. The derived relations were 
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then used, to calculate the effect of Mach number on the design inlet- 
velocity ratio and to establish a simple correction procedure. 

The method of analyzing the test data for use in the preparation of 
design charts is described, and design charts are given for the open— 
nose cowlings and for these cowlings when used in combination with each 
spinner of the related family. In addition, the characteristics of the 
spinners and the effects of the spinners and the propeller on the cowling 
design conditions are presented separately to provide initial quantitative 
data for use in a general design procedure through which NACA 1— series 
cowlings can be selected for use with spinners of other shapes. 


SYMBOLS 


A 

C 

d 

D 


f 

F 

H 

AH 

m 

M 

n 

P 

P 

q 


area of stream tube containing internal flow 
a function of M Q and (see fig. 26) 

cowling inlet diameter 
maximum diameter of cowling 
maximum diameter of spinner 

propeller diameter 


skin— friction drag 

maximum frontal area of cowling 

total pressure 

total pressure loss between free stream and measuring station 
mass rate of internal air flow, slugs per second 
Mach number 

propeller rotational speed, revolutions per second 
static pressure 


static— pressure coefficient 



dynamic pressure 
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Q propeller torque coefficient / Tor l^e 


2q D ' 

D 


X 

x n 


radius from cowling center line unless otherwise specified 
propeller thrusi>-disc-loading coefficient / 

UoV 

velocity 

distance from inlet along cowling axis 
distance from nose of spinner along cowling axis 

length of cowling from inlet to maximum diameter station 

length of cowling— inner— lip shape from nose to maximum thickness 
station 

length of spinner from nose to maximum diameter station 


maximum ordinate of cowling measured perpendicular to reference 
line at maximum diameter station (see table I) 


Y* 


a 


D-d 


thickness of cowling 


maximum ordinate of cowling— inner— lip shape measured perpendicular 
to reference line (see table V) 

maximum radius of spinner (j ) s l 2 ') 

angle of attack of center line of model, degrees 

ratio of specific heat at constant pressure to specific heat at 
constant volume (1.4 for air) 

nominal boundary— layer thickness (defined as normal distance 

H - p. 

from surface to point where = 0.95 


propulsive efficiency \r—^—( 
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p mass density of air, slugs per cubic foot 

General subscripts: 

av average value weighted according to mass flow in case of 

internal flow and according to frontal area in case of 
flow along surface 

c cowling 

cr condition corresponding to predicted critical Mach number 

i cowling inlet 

o free stream 

s spinner 

t condition corresponding to test Mach number 

u condition in propeller slipstream just outside cowling boundary 

layer 


COWLING AND SPINNER CONFIGURATIONS 


The NACA 1— series nose— inlet ordinates (from reference 1) and rela- 
tions for their application to the cowlings used in the present investi- 
gation are given in table I. As in reference 1, cowlings conforming to 
these ordinates are identified by a three— number designation; for example, 
1—70— 150. The first number indicates that the NACA 1— series ordinates 
are used; the second and third numbers give the inlet diameter and cowling 
length, respectively, as percentages of the maximum, cowling diameter. The 
cowling specified, therefore, has a 1— series profile with an ini et— diameter 
ratio d/D of 0.70 and a length ratio X/D of 1.50. The approximately 
ellipsoidal spinners of the family investigated were arbitrarily designed 
by revolving NACA 1— series nose— inlet ordinates about their reference 
line (table I) and. are therefore identified by similar designations. For 


example, the NACA l-40-060 spinner has a 1— series profile with 
X s 

and — = 0 . 60 . 

D 


D 


0.40 


The 9 NACA 1— series cowlings and 11 NACA 1— series spinners investi- 
gated are shown in table 13. Each cowling was. tested in conjunction with 
all spinners showai in the same horizontal row; in each case the maximum 
diameter of the spinner was located at the cowling inlet unless otherwise 
specified. The configurations tested to study the effects of varying the 
longitudinal location of the spinner with respect to the inlet are shown 
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in table III. Modifications to the spinner and cowling shapes tested in 
attempts to obtain improved operational characteristics are presented in 
tables IV and V, respectively. 


MODEL ARRANGEMENT AND TESTS 


Views of the model installed in the Langley propeller— research tunnel 
are shown in figure 1 . The internal— flow system (fig. 2 ) included an 
axial— flow fan which was necessary to obtain the higher inlet— velocity 
ratios. The internal flow was controlled by varying the speed of the fan 
motor and the position of the butterfly— type shutters. Flow quantities 
were measured by means of the total- and static-pressure tubes at the 
throat of the venturi and checked by a rake at the exit. A thermocouple 
attached to the exit rake was used to measure the temperature rise through 
the fan. 

Prior to the tunnel tests, the venturi in the tail of the model was 
carefully calibrated to assure the accuracy of the internal— flow quantity 
measurements. It was found that accurate measurements could be obtained 
so long as the fan did not introduce appreciable rotation in the flow 
through the throat of the venturi. It was also determined that such 
rotation could be avoided for any desired flow quantity by simultaneous 
adjustment of the resistance of the system (by means of the shutters) and 
the rotational speed of the fan. During the tunnel tests, uniform nonrota— 
tional flow in the venturi throat was obtained for each test condition by 
adjusting the shutter position and the fan speed until the static-pressure 
distribution across the venturi throat was uniform. Visual observation 
of a multitube manometer was used to establish this uniformity. 

A three-blade 5.7-foot-diameter propeller (figs. 1 (b), 1 (c), and 3) 
driven by a variable— speed motor was used to investigate the effects of 
propeller operation on the aerodynamic characteristics of a typical 
cowling-spinner combination. The approximately oval shanks of this 
propeller were similar to those in general use. The propeller blade 

the ^--radius station was fixed at 32^ throughout the tests as 

this angle gave reasonable values of the thrust-torque relationship over 
the test range of thrust coefficients. The propeller operating condi- 
tions were as follows: 


T 

T 

x c 


i 

<3 

O 


0.02 

0.0058 

1.46 

0.81 

.06 

.0137 

1.22 

.86 

.12 

.0237 

1.03 

.83 
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It is noted that the lowest test thrust— disk-loading coefficient, 0.02, 
is typical for the high-speed flight condition of current airplanes but 
is probably an upper limit to the high-speed flight values for future 
high-speed aircraft. 

Surface pressures were measured by means of 11 flush orificies dis- 
tributed along the top center line of each spinner and 22 orifices 
installed in the top section of each cowling. With propeller removed, 
pressure surveys at a station 0.75 inch inside the inlet were made by 
means of 10 total— pressure tubes extending across the annulus at the top 
of the inlet and 3 total— pressure tubes located 0.12, 0.25, an< i 0.50 inch 
from the cowling inner surface at the bottom of the inlet. For the 
propeller— installed tests, this inlet instrumentation was replaced by 
rakes of shielded total— pressure tubes supplemented at each end by 
boundary— layer rakes of four total— pressure tubes immediately adjacent 
to the annular surfaces. (See fig. 1(c).) Two rakes of shielded total- 
pressure tubes at the top of the cowling (fig. 1(c)) also were used in 
the propeller— installed tests to measure the total pressure of the flow 
in the vicinity of the surface orifices. All pressure measurements 
obtained by such instrumentation were recorded by photographing a multi- 
lube manometer. Pressures measured by the venturi instrumentation were 
read visually from a second multitube manometer. 

With propeller removed, pressure surveys of each conf iguration were 
conducted for from 11 to 18 values of inlet— velocity ratio at angles of 
attack of 0°, 2°, 4°, and 6°; angles of attack of 8° and 12° were also 
investigated in two instances. With propeller installed, pressure surveys 
were conducted for similar ranges of inlet— velocity ratio at angles of 
attack of 0° and 6° for propeller thru3t-disk-loading coefficients 
of 0.02, 0.06, and 0.12. A tunnel speed of 100 miles per hour, which 

corresponds to a Mach number of O.I3 and a Reynolds number of about 2x10 
based on the maximum cowling diameter, was used for the majority of the 
tests for inlet— velocity ratios less than 1.3. For the configurations 
having very largo inlet areas, the tunnel speed was reduced to 'JO miles 
per hour to obtain the higher inlet— velocity ratios with the limited 
capacity of the fan. 


RESULTS AND DISCUSSION 
Flow over Spinners 


Sur face pressures on NACA 1— series spinners .— Static— pressure dis- 
tributions representative of those measured along the top3 of the 
NACA 1— series cowling— spinner combinations are presented in figure 4. 
Sharp negative— pressure peaKs did not occur in the distributions over 
the spinners for any of the conditions investigated, and the minimum 
pressures on the spinners wero rarely less than that of the free stream 
except for very high values of inlet— velocity ratio. For given values 
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of inlet— velocity ratio, the peak velocities on the spinners, indicated 
by the minimum pressure coefficients as summarized in figure 5 , generally 
increased with increases in spinner diameter and angle of attack; except 
for the very high inlet-velocity ratios, increases in spinner length also 
caused increases in these peak velocities by moving the spinner nose 
farther ahead of the retarded flow in the immediate vicinity of the inlet. 

The abrupt breaks which occurred in some of the spinner pressure 
distributions in the vicinity of the inlet at the lower inlet-velocity 
ratios (fig. 4) were caused by boundary— layer separation. For given 
values of inlet-velocity ratio and angle of attack, the shapes of the 
pressure distributions for the NACA l-series spinners (see distributions 
for NACA 1— k0-060 spinner which was typical) were changed somewhat by 
variations in both cowling length and cowling inlet diameter; however, 
the over-all pressure rise from the point of min imu m pressure to the 
inlet was essentially unaffected by these cowling variables. The phe- 
nomenon of separation for these spinners, therefore, would be expected 
to the first order to be a function only of the spinner proportions, the 
inlet— velocity ratio, and the angle of attack so long as the inlet lip 
is located at a reasonable distance ( 0 . 075 D or greater) from the spinner 
surface. This conclusion may not apply for other types of spinners that 
might have, for example, more severe pressure gradients. 

Effect of spinner location.— In order to determine the effect of 

spinner location, the NACA 1— kO— OkO spinner was tested in several longi- 
tudinal positions relative to the NACA 1-70-100 cowling. (See table III.) 
The configurations with the nose of the spinner located near the inlet 
are of interest for the case of the rotating (E— type) cowling, whereas 
the configurations with the nose of the spinner located at 0.8D and 1.0D 
resemble the design frequently proposed for dual— rotating— propeller 
installations . 

Static— pressure distributions over the cowling-spinner combinations 
of table III are shown in figure 6 . Insofar as the spinner was concerned 
the most important effect of shifting its nose ahead of the inlet in 
successive increments was to increase successively the severity of the 
minimum pressure peak on its surface (fig. 7 ). Such increases, as shown 
by the measurements of P. Ruden in the similar tests of reference k, 
would cause corresponding increases in the pressure losses at the inlet 
at the lower inlet— velocity ratios and successive increases in the value 
of the minimum inlet— velocity ratio required to avoid such losses. 

A comparison of the data of figures 6 and k shows that the minimum 
pressure peaks on the NACA 1-kO-OkO spinner when its nose was located 
at 0.6D and 0.8D ahead of the inlet were much more negative than those 
for the normally located 0.6D— and 0.8D— length spinners of the same or 
larger maximum diameter. Thus for dual— rotating— propeller installations, 
the long normally located NACA 1— series spinners are superior to spinners 
having cylindrical base sections just ahead of the inlet with regard to 
the minimum value of inlet— velocity ratio which can be used without 
incurring flow separation. 
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Effect of conical spinner.— A study of the surface pressure distri- 
butions over the NACA l-^-series spinners (fig. h) showed that appreciable 
pressure rises occurred ahead of the inlet at low values of inlet- 
velocity ratio. A conical spinner (table XV) was tested in conjunction 
with the NACA 1-70-075 cowling, therefore, to determine whether such a 
modification to the spinner shape would reduce the velocities along the 
spinner and thereby reduce the pressure rise acting on the spinner 
boundary layer. A comparison of the surface pressure distributions over 
the conical spinner with corresponding pressure distributions over 
NACA 1— series spinners of the same maximum diameter (fig. 8) shows that 
the desired result was obtained at all test values of inlet— velocity 
ratio. Such spinners are therefore superior to the NACA 1— series 
spinnera with regard to the minimum value of inletr-velocity ratio for 
which flow separation from the spinner surface is avoided and are worthy 
of further research. Based on the present results, a more detailed 
analysis of the U3e of conical spinners, particularly those with larger 
cone angles, is being made at the Langley Laboratory. 


Internal Flow 

Total— pressure distributions at inlet .— Total— pressure distributions 

across the annulus at the top of the inlet of a typical NACA 1— series 
cowling— spinner combination with propeller removed are shown in figure 9( a ). 
At an angle of attack of 0°, a pressure— recovery coefficient of unity was 
obtained over most of the inlet at the higher inlet— velocity ratios. As 
the test inlet— velocity ratio was decreased below 0.5, however, the 
boundary layer on the spinner thickened rapidly under the influence of 
the increasingly severe adverse pressure rise and soon separated causing 
large losses in total pressure (fig. 10). The effect of increasing the 
angle of attack was to increase the severity of the flow separation from 
the spinner at the lower inlet— velocity ratios and to require the use of 
a higher value of inlet— velocity ratio to avoid such separation. It 
should be noted that the losses in inlet total pressure caused by flow 
separation from the spinners would become increasingly severe with 
successive reductions in the width of the inlet annulus. 

Propeller operation effected large changes in the shapes of the 
total— pressure distributions at the top of the inlet (fig3. 9(b) 
and 9(c)). In general, the total pressures in the vicinity of the 
cowling lip were increased, whereas those near the spinner were reduced. 

This radial total— pressure gradient, which to a lesser extent would be 
present even with thinner airfoil— type propeller shanks, would cause 
increases in pressure recovery with increases in the width of the inlet 
annulus and might be expected to encourage separation from the spinner 
at the lower inlet— velocity ratios. Such separation was not observed, 
however, and propeller operation either had a negligible effect upon or 
actually reduced the value of inlet— velocity ratio below which the mean 
inlet total pressure decreased rapidly. (See fig. 10.) It appears. 
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therefore, that with a conventional propeller any destabilizing effects 
of the propeller on the boundary layer are compensated for by additional 
effects possibly including: ( 1 ) the removal of the spinner boundary 

layer along the propeller blade surfaces, ( 2 ) the introduction of large- 
scale turbulent mixing, and ( 3 ) the effect of the swirl introduced by 
the propeller in reducing the pressure rise acting on the boundary layer. 
Further research is necessary to establish the effectiveness of these 
compensating effects for the case of a propeller with thin— airfoil— type 
propeller shanks. Since only one propeller blade angle was investigated, 
tests with propellers set at high blade angles such as will be used by 
high— subsonic— speed turbine— powered aircraft are desirable. 

Minimum inlet— velocity ratio for high pressure recovery.— Boundary- 

layer thicknesses at the top of the spinner of the typical configuration 
being examined are presented in figure 11 as a function of inlet— velocity 
ratio. The curves are of the same general shape and the breaks in the 
curves, which are indicative of the onset of separation, occur at nearly 
the same inlet— velocity ratio regardless of the definition of boundary- 
layer thickness used. Hence, the boundary— layer thickness 6 has been 
defined as the normal distance from the surface to the point where 
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In correspondence with the discussion in the preceding section, it 
is noted in figure 11 that propeller operation either did not affect or 
actually reduced the separation value of inlet— velocity ratio. Propeller- 
removed data for a high-critical— speed fuselage scoop (reference 6 ) show 
that such separation values of inlet— velocity ratio are essentially 
unaffected by large changes in test Mach number and by reasonable changes 
in boundary— layer thickness such as might be introduced by variations in 
the transition point; considerable increase in Reynolds number, however, 
may decrease the separation value of inlet— velocity ratio to somewhat 
below the values observed in these tests. Inasmuch as a maximum pressure 
recovery in the ducting is generally obtained at an inlet— velocity ratio 
just greater than the maximum value for which the inlet flow is separated, 
the inlet— velocity ratio 0.04 greater than that corresponding to the 
intersection of tangents to the inclined and approximately horizontal 
parts of the propeller— removed boundary— layer— thickness curve is therefore 
considered to be the optimum design value for obtaining a .maximum pres- 
sure recovery. 

Boundary— layer thicknesses on the tops of the spinners of representa- 
tive NACA 1— series cowling— spinner combinations are shown in figure 12. 

So long as the inlet lip was located at a reasonable distance (0.075D or 
greater) from the spinner surface, the inlet— velocity ratios below which 
the boundary layers thickened rapidly were essentially a function only 
of the proportions of the spinner and the angle of attack as previously 
deduced from the pressure distributions on the spinners. Hence, within 
the useful range of inlet annulus widths, it was possible at each angle 
of attack to determine a single minimum inlet— velocity ratio for which 
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separation from each spinner was avoided, regardless of the proportions 
of the cowling used. Such minimum values, which increase with increases 
in spinner-diameter ratio, spinner— length ratio, and angle of attack, are 
summarized in figure 13. 

It was not possible to determine single minimum values of inlet- 
velocity ratio for avoiding flow separation from the spinners where the 
width of the inlet annulus was less than O.O75D because the separation 
inlet— velocity ratio then was no longer a function only of the proportions 
of the spinner. No attempt was made to determine more accurate design 
conditions for such configurations; they are seldom used because the 
large thickness of the spinner boundary layer relative to the inlet 
annulus results in a low pressure recovery. 

The minimum inlet— velocity ratios necessary for avoiding separation 
from the NACA 1 -series spinners (fig. 13) were higher than generally 
would be desirable for high pressure recovery. In reference 1 , values 
of O.35 to O.kO were indicated for the particular cowling— spinner combina- 
tions considered. Further gains in internal pressure recovery appear 
possible through the development of new families of spinners with lower 
separation inlet— velocity ratios. In this regard, the conical spinner 
of table TV and figure 8 is of interest inasmuch as the previously noted 
decreases in the severity of the pressure rise ahead of the inlet, 
obtained by substituting this spinner for comparable NACA 1 — series 
spinners, resulted (fig. Ik) in reductions of 0.05 to 0.1 in the minimum 
usable value of inlet— velocity ratio. Such reductions would cause 
important gains in the ultimate pressure recovery at the end of the 
diffuser; where not limited by the geometry of the propeller hub, addi- 
tional gains could undoubtedly be obtained by increasing the cone angle. 

Maximum inlet— velocity ratio for avoiding separation from inside of 

lip .— At the higher inlet— velocity ratios the outward displacement of the 

stagnation point on the inlet lip (fig. 15) caused high local pressure 
peaks at the inside of the lip for both the open— nose and spinner— installed 
configurations. These minimum pressure coefficients are summarized in 
figure l6. Although considerable scatter of the e:cperimental data 
occurred, presumably due to both the necessarily limited number of pres- 
sure orifices In the lip radii and the unsteady nature of the flow, a 
definite effect of spinner size is discernible when, as shown, an attempt 
is made to fair separate lines through the points for the different 
spinner diameters. When the spinner diameter was small with respect to 
the inlet diameter, small variations in spinner proportions had little 
effect on the velocities along the inner-cowling-lip surface. When the 
spinner diameter was increased to the point where the inlet annulus 
width was O.G75D or less, however, these flow velocities increased 
markedly, possibly because of the effect of the spinner boundary layer 
on the direction of the flow at the cowling lip. Propeller operation 
(fig. 17) also caused appreciable increases in the flow velocities along 
this surface by distorting the radial total— pressure distribution in the 
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inlet (figs. 9(b) and 9(c)) and by reducing the effective angle of attack 
of the cowling lip. 

Representative total— pressure— loss coefficients measured by a total- 
pressure tube 0.12 inch from the inner surface of the bottom section of 
the inlet lip (the section where the most severe separation losses are 
likely to be initiated in the cruise and climb conditions) are presented 
in figure 18 for an angle of attack of 6°. The formation of bubbles of 
separation is indicated by the abrupt breaks in these curves beyond which 
the losses increased rapidly until the local— total— pressure coefficients 
became approximately equal to the local— surface— pressure coefficients. 
These data, which are typical for all cases investigated, show that the 
inlet—' velocity ratios at which separation bubbles first occurred were 
again essentially a function only of the proportions of the spinner. 

For a given spinner the locations of the breaks in these curves were 

Vi 

shifted by as much as ±0.03 — from the mean value by changes in 

^o 

cowling proportions; however, no consistent trends were observed. 

The inlet— velocity ratios corresponding to the points on the 
inclined portions of data plots of the type of figure 18 where the total- 
pressure— loss coefficient was 0.1 have been arbitrarily taken as the 
maximum values for which appreciable separation bubbles did not occur. 
These limiting values for high pressure recovery (fig. 19) increased 
with increases in spinner diameter and decreases in spinner length and 
were undesirably low for the angles of attack encountered in low— speed 
flight. As will be discussed later in the report, the effect cf an 
increase in flight Mach number at any fixed, inle U-veloc i ty ratio less 
than l.C is to decrease the effective angle of attack of the cowling lip 
and, consequently, to reduce these already low limiting values. However, 
propeller operation, as shown in figure 20 by data obtained with shielded 
total— pressure tubes, has an opposing favorable effect which, at the high 
propeller t.hrust-disk-ioading coefficients encountered in the low'— speed 
cruise and climb conditions, would more than counterbalance the growth 
of the local pressure peaks with increases in Mach number. Furthermore, 
the inlet total— pressure distributions of figures 9(b) and 9(c) strongly 
indicate that the internal flow would separate from the inner surface of 
the diffuser rather than from the cowling lip at reasonably high values 
of inlet— velocity ratios. It is concluded therefore that flow separation 
from the inner portion of the cow'ling lip, while of major importance in 
the case of the NACA open-nose inlets, is not of significant importance 
in the case of the NACA 1— series cowling— spinner combinations except for 
extremely severe combinations of high inlet— velocity ratio and high angle 
of attack such as are encountered in the taxe— off condition. 

Because of the importance of avoiding separation of the internal 
flow in low— speed flight, tests were conducted on two representative 
cowlings tc determine whether the upper limit of the separation— free 
operating range of inlet— ve loci ty ratio (fig. 19) couid \>p raised by the 
addition of an inner— lip fairing. The NACA 1— series ordinetes inverted 
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with respect to the reference line through the cowling lip (table I) were 
used in this fairing (table V) both because the general applicability of 
these ordinates to high— critical— speed conf igurations had already been 
established and because the use of these ordinates would permit the 
region of high curvature to be kept well forward. The addition of this 
fairing caused large reductions in the peak negative pressure coefficient 
on this surface at the higher inlet— velocity ratios (fig. 21) and corre- 
sponding large increases in the limiting values of inlet— velocity ratio 
(fig. 22). A fairing of this type therefore is desirable for installations 
in which separation of the internal flow from the inlet lip is likely to 
be encountered. In the case of cowling— spinner combinations, it appears 
that such a fairing need only be applied as a "glove” in the bottom 
quarter of the inlet. 


External Flow over Cowling 

Static pressure distributions over the external cowling surfaces of 
several of the test conf igurations are shown in figures 4, 6, and 8. The 
phenomena shown are generally similar to those discussed in reference 1. 

At the lower inlet— velocity ratios, high negative pressure peaks usually 
occurred on the cowling lips due to their high effective angle of attack 
and in the case of seme of the sharper lipped cowlings initiated separation 
of the external flow. As the inlet— velocity ratio was increased, these 
negative pressure peaks decreased progressively in severity until at 
particular values, determined by the cowling and spinner shapes and the 
angle of attack, the pressure distributions became essentially uniform. 

The surface pressures decreased only slightly and the distributions of 
these pressures were essentially unaffected by large additional increases 
in inlet— velocity ratio; thus, for each cowling, the critical speed 
increased only slightly and presumably the external friction drag 
decreased only slightly over a wide range of inlet— velocity ratio above 
the value necessary to eliminate the pressure peak on the cowling lip. 

The effect of increasing the angle of attack was to increase the severity 
of the pressure peak on the top section of the cowling lip at the lower 
inlet— velocity ratios and to increase the inlet— velocity ratio required 
to eliminate this peak. 

Some effects of cowling and spinner geometry on the distribution 
and magnitudes of the surface pressures on the cowling are shown in 
figures K, 6, and 8. The inlet-velocity ratio required to avoid a nega- 
tive pressure peak on the cowling lip increased with increases in both 
cowling length and cowling inlet diameter; at inlet-velocity ratios above 
the critical values, increases in these same variables decreased the 
minimum surface pressure coefficients. In general, the addition of a 
small diameter spinner or a long spinner to the basic open— nose cowling 
did not cause important changes in the cowling pressure distributions. 
However, the addition of a spinner with a large rate of decrease of cross- 
sectional area just ahead of the inlet, such as a short large— diameter 
spinner or a conical spinner, tended to cause the formation of a negative 
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pressure peak on the cowling lip even at very high values of inlet- 
velocity ratio. 

The inlet— velocity ratio for which the surface pressure distribu- 
tion on the cowling first becomes essentially uniform is a function of 
the free— stream Mach number. A detailed discussion of the effects of 
cowling and spinner proportions on this important operating condition is 
therefore delayed to the next two sections of the report following an 
evaluation of the effect of Mach number. 

Propeller operation effected increases in both the static and total 
pressures in the vicinity of the cowling surface. The increases in 
static pressure (fig. 23 ) were large near the leading edge but were small 
near the position of maximum diameter. The increases in total pressure 
just outside the cowling boundary layer (fig. 24) were approximately the 
same at the fore and aft rake locations (fig. 1 (b)) and were somewhat 
less than values calculated for the ideal case of uniform propeller— disk 
loading. As the increases in total pressure were greater than the 
increases in static pressure, except in the region of the lip, there was 
a net increase in the maximum flow velocity along the surface which became 
of important magnitude at the higher propeller thrust— disk-loading 
coefficients. 


Critical Mach Number Characteristics 

The critical Mach number has important design significance in that 
it is the lower limit of the range of Mach number within which significant 
force changes due to shock can occur. Numerous tests of wings and bodies 
have indicated that an appreciable margin may exist between the critical 
Mach number and the force— break Mach number, especially when the critical 
Mach number is determined by pressures ahead of the maximum thickness 
station; hence, the critical Mach number may be unnecessarily conservative 
for design purposes. The present discussion must be limited to the 
critical Mach number, however, because of the lack of data defining the 
margin between the two Mach numbers. 

Extrapolation of low— speed test data .— In estimating the high-speed 

operational characteristics of a particular cowling from low— speed te3t 
data, such as those of the present investigation, it is necessary to 
consider the effect of increasing the free— stream Mach number on the 
magnitude of the surface— pressure coefficients and on the minimum value 
of inlet— velocity ratio for which the surface pressure distribution is 
essentially uniform. Previous discussion has pointed out that the inlet- 
velocity ratio required to avoid flow separation from the spinner need 
not be considered as it is essentially unaffected by increases in the 
free— stream Mach number. 

The von Karman method of extrapolating the measured surface— pressure 
coefficients (reference 7) was shown In reference 1 to be valid for 
cowling data obtained at test Mach numbers as low as O .3 so long as sharp 
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forwardly located peaks did not occur in the measured pressure distribu- 
tions. A comparison in figure 25(a) of the results predicted from the 
present data with the higher speed results of reference 1 shows that the 
von Karrnan method likewise is applicable, with the same reservation, to 
the present data obtained at a test Mach number of O.I3; hence, this 
method has been used to predict the critical Mach numbers for all test 
c onf igura t i ons . 

The data contained in figure 25(a) show the important influence that 
the test Mach number has on the minimum value of inlet— velocity ratio 
for which the surface pressure distribution is essentially uniform and 
below which the predicted critical Mach number decreases rapidly due to 
the formation of a negative pressure peak on the cowling lip. The decrease 
with increasing Mach number shown was ignored in making the selection 
charts of reference 1 because the shift was in a conservative direction 
and appeared small for those tests and because theoretical justification 
for a correction was lacking. This shift, however, must be taken into 
account in analyzing and applying the low-speed data of the present 
investigation. 

The problem of estimating the magnitude of the inlet— velocity— ratio 
shift just discussed may be attacked theoretically on the basis of an 
extension of the work of Ruden (references 4 and 5)« (See appendix A.) 

By relating the pressure force on the cowling to the change in pressure 
and rate of change of momentum of the entering air, he obtained an 
incompressible— flow expression for an open— nose cowling which can be 
written in the form (equation (5), appendix A) 



where P~ is the average pressure coefficient on the external cowling 
c av 

surface weighted with respect to frontal area. When compres3ible-flow 
conditions are assumed this expression (as shown in appendix A, equa- 
tion (10)) becomes 


P 


c av 


2C 


1 - 



16 


NACA RM No. L 8 AI 5 


where C , a complex function of the free— stream Mach number and the 
inlet— velocity ratio, is given in figure 26 . If it is assumed that the 
low— speed surface pressure distributions can be extrapolated by the 
von Kanaan equation to obtain possible surface pressure distributions at 
higher Mach numbers, this expression can then be used to find the inlet- 
velocity ratios required by these higher— speed pressure distributions. 

In the case of the NACA 1— 7 O-O 5 O open-nose cowling, for example, the 
measured pressure distribution for which the predicted critical Mach 
number is O .715 may be extrapolated to obtain pressure distributions for 
Mach numbers of 0.40 and O. 7 I 5 . Then the inlet— velocity ratios for the 
test Mach number ( 0 .I 3 ) and these two higher Mach numbers can be calcu- 
lated from equation (10) of appendix A after each pressure distribution 
is mechanically integrated to obtain the weighted average surface pres- 
sure coefficient. For this example case, the following comparison with 
the experimental results of figure 25 (a) is obtained: 


Mach numoer 

V i/ V o 

Test 

Calculated 


0.13 

0.39 

O .36 

.40 

.32 

.32 

• 715 

.22 

.22 


The calculated inlet— velocity ratios are shown to be in excellent agree- 
ment with the values observed experimentally. 

The foregoing results indicate that equation (10) of appendix A and 
the similar compressible— flow relation for cowling— spinner combinations 
(equation ( 9 ) of appendix A) can be used to calculate the increments 
of Vq/V Q by which each point on the test curves of M cr plotted 

against VjJV 0 must be shifted to correct the low— speed test data. 

(See fig. 25(a).) However, the amount of work required to make such 
corrections is prohibitively large in the present case even if only the 
points near the knees of the carves are considered; also, the results 
for cowling— spinner combinations might be subject to appreciable error 
due to the failure of the von Karraan relation to predict accurately the 
variation of large positive pressure coefficients with Mach number. 

Hence, equations ( 9 ) and (10) of appendix A were examined in an attempt 
to determine a simple factor which would accurately predict the shifts 
of the knees of the curves. As a result of this study, it was found 
that the major parts of such shifts were caused by the change in inlet- 
density ratio Pi/P Q which accompanies an increase in flight Mach 

number. This result can be explained physically (fig. 27) by considering 
that for a constant inlet— velocity ratio a change in inlet-density ratio 
requires a change ahead of the inlet in the area of the stream tube 
containing the internal flow and a corresponding change in the effective 
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angle of attack of the cowling lip. At inlet— velocity ratios less than 
unity, the effective angle of attack is decreased, whereas at inlet- 
velocity ratios greater than unity the effective angle of attack is 
increased. Thus, the minimum value of inleb-velocity ratio required to 
obtain a uniform pressure distribution on the external surface (less than 
unity) decreases regularly with increases in flight Mach number. 


Figure 25(b) shows the greatly improved correlation between the 
critical Mach number results obtained in the present tests and those of 
reference 1 when the test inlet— velocity ratios were multiplied by the 
inlet— density ratio p^yp^. Extensive analysis failed to uncover any 

other simple factor which would more accurately predict the shift of the 
knees of the curves. Therefore, in view of the previously discussed 
difficulty of calculating these shifts, this approximate but always— 
conservative correction factor was used; all critical Mach number results 
of the present report are presented as functions of the mass— flow coef- 


ficient 


m 


p n FV 
o o 


4 .. p i y i 

' Po V o 


or the inlet-velocity ratio 



cr 


which corresponds to this mass— flow coefficient at the predicted critical 
•Mach number. 


Inlet— velocity ratios corresponding to the mass— flow coefficients 
given in the present report may be determined by use of an inlet>-area 
chart (fig. 28) and a conversion chart (fig. 29). As an illustration of 
the use of these charts, suppose that a particular configuration with a 
spinner-diameter ratio D s /D of O.3O and an inlet-diameter ratio d/D 

of O.72 has a predicted critical Mach number of O.65 at a mass— flow coef- 
ficient of O.I65. The inlet— area ratio Aj/F is first determined to 

be 0.425 by reference to figure 28. Then, by proceeding through figure 29 
as indicated by the dotted line, the inlet-velocity ratio corresponding 
to this predicted critical Mach number and the test mass— flow coefficient 
is found to be O.325 as compared with the test value of O.385. 


MCA 1— series cowlings and cowling— spinner combinations .— The pre- 
dicted critical Mach number characteristics of the MCA 1— series cowling- 
spinner combinations at angles of attack 0°, 2°, i*-°, and 6° are presented 
as a function of the mas3— flow coefficient and compared with the charac- 
teristics of the basic open-nose cowlings in figures 30 to 38* A key 
to these data is given as table VI. The inlet-velocity ratios located 
by ticks on the curves are the minimum usable design values from the 
viewpoint of avoiding flow separation from the spinners (fig. I3) an d 
are therefore optimum with respect to obtaining minimum internal losses. 
Except for the relatively thin— lipped cowlings, these inlet— velocity 
ratios usually occur above the knees of the curves and thus define the 
"design points" for the high-speed condition. However, when these ticks 
fall below the knees of the curves (fig. 35) or when no spinner is used, 
the most desirable rates of internal flow are determined by the locations 
of the knees, where the pressure distribution over the cowling first 
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becomes essentially uniform. The method for determining the latter type 
of design condition is outlined in a subsequent section of the report. 

Changes in spinner diameter shifted the knees of the curves of M cr 
plotted against m /p 0 FV 0 of figures 30 to 38 horizontally because of 
resulting changes in the inlet area. The data for an angle of attack 


show the effect of spinner configuration on the aerodynamic phenomena. 


to the open-^nose cowlings did not cause large changes in the critical 
Mach number characteristics. Further increases in spinner diameter and 
changes in the length of the larger-diameter spinners, however, frequently 
caused important changes in the location of the knees and in the critical 
Mach numbers above these knees. The nature of such changes depended 
primarily on the boundary— layer— separation characteristics of the spinners 

When the flow was separated from the spinner, successive increases 
in either spinner diameter or spinner length caused successive decreases 
in the inlet— velocity ratio at which the knee of the critical Mach number 
curve occurred. (See data in fig. 39 excepting that for the NACA 1— 70— 100 
and 1— 85— 050 cowlings.) This trend is believed to have resulted from 
growth of the separation region on the spinner, which caused the divergenc 
of the flow to take place farther ahead of the inlet. So long as the 
spinner flow was separated at the knee of the curve, the magnitude of the 
critical Mach number in the important design range above the knee was not 
appreciably affected by changes in spinner proportions. 

When the flow was not separated from the spinner at the inlet- 
velocity ratio corresponding to the knee of the critical Mach number 
curve for any particular open-nose cowling (for example, the NACA 1— 70— 100 
and 1— 85-050 cowlings, fig. 39) > the phenomena were importantly different 
from those just discussed. Increasing the diameter of a given-length 
spinner or decreasing the length of a given— diameter spinner shifted the 
knee to a higher inlet— velocity ratio because the flow angle at the 
cowling lip increased in accordance with the change in slope of the 
spinner surface just ahead of the inlet. The 'spinner— pressure distribu- 
tions of figures 4(c) to 4(f) indicate that a steepening of the adverse 
pressure gradient just ahead of the Inlet was responsible for a large 
part of such increases in flow divergence at the cowling lip. Above the 
knee of the curve, the flow divergence in the region of the cowling lip 
was still affected by the presence of the spinner so that a change in 
spinner proportions that shifted the Knee to a higher inlet— velocity 
ratio also caused decreases in the critical Mach numbers above the knee. 

As these decreases and the magnitude of the shift of the knee both become 
important in the case of the large— diameter spinners, the desirability 


of 0° were therefore replotted in figure 39 as a function of 



to 


In general, the addition of the smallestr-diameter spinners 
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of conducting further research to develop spinner shapes with less severe 
adverse pressure gradients is again indicated. 

Except for these changes due to the spinner, the effects of cowling 
proportions on the critical Mach number characteristics of the NACA 1— series 
cowling— spinner combinations were generally similar to those for the 
NACA 1— series open— nose cowlings (fig. 39) • As the trends shown have 
already been extensively discussed in reference 1 , further discussion is 
omitted herein. The effects of cowling proportions on the design condi- 
tions are analyzed in detail, however, in a subsequent section of the 

report entitled "Envelope Values of M cr and 



Effect of spinner location .— The effects of the longitudinal location 

of the NACA 1— 40-0h0 spinner on the critical Mach number characteristics 
of the NACA 1—70—100 cowling are shown in figure 40. In order to preserve 
consistency with the rest of the report, the inlet area used in calculating 
the inlet— velocity ratio was always taken to be the unobstructed area in 
the most forward plane at which the diameter of the inner surface of the 
cowling was a minimum. 


With the nose of the spinner at the inlet, the influence of the 
spinner on the flow field ahead of the inlet was small so that the 
critical Mach number characteristics were very nearly' the same as those 
for the NACA 1— 70— 100 cowling. (Compare figs. 39 and 40.) Thjs result 
indicates that the design data for the NACA open-nose cowlings are 
directly applicable to the design of rotating cowlings regardless of 
whether the propeller— hub fairing is located at or well inside the inlet. 


When the nose of the spinner was located 0.15D ahead of the inlet 


or in its normal position 




the knee of the critical Mach 


number curve was shifted to the right of the knee of the curve for the 
position — = 0 (fig. kO) because of the previously discussed effect of 


the spinner in increasing the flow angle at the cowling lip. Also, when 
the nose of the spinner was moved to O.oOD and then farther forward tc 
positions of interest for dual— rotating— propeller installations, thus 
decreasing the slope of the spinner surface just ahead of the inlet, the 
knee of the curve was shifted back to the left. This finding would appear 
to indicate that the spinner should be cylindrical for a short distance 
ahead of the inlet to reduce the flow angle at the cowling lip and thereby 
increase the critical Mach number at the lower inlet— velocity ratios. As 
previously noted, however, the spinner flow became separated at the inlet- 
velocity ratio corresponding to the knee of the curve for these forward 
spinner locations. Such protruded spinners therefore are inferior to the 
corresponding normally located spinners of the same length, which have 
approximately the same knee inlet— velocity ratio with unseparated spinner 
flow. (See fig. 39(c).) 
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Effect of conical spinner ,— The advantage of using a conical spinner 

to reduce the separation value of inlet— velocity ratio has previously 
been pointed out in the section entitled "Flow over Spinners. " If the 
cowling used with a conical spinner of the type investigated (table IV) 
has a relatively blunt lip so that the knee of its critical Mach number 
curve occurs at a very low value of inlet— velocity ratio, the critical 
Mach number characteristics should not differ appreciably from those fcr 
the open— nose cowling. When such a spinner is used with a relatively 
thin— lipped cowling, however, the increase in flow' angle at the cowling 
lip causes a marked reduction in critical Mach number so that the critical 
Mach number characteristics are inferior to those for the cowljng w r ich a 
comparable NACA 1-nserjes spinner (fig. Ul); this decrease in Mach number 
would be accentuated by an increase in cone angle. Further research 
appears to be required, therefore, to determine if this undesirable char- 
acteristic of the conical spinner can be overcome either by seeping the 
spinner cylindrical for a short distance ahead of the inlet or by 
modifying the cowling— lip to allow fcr the change in the effective angle 
of attack. 

Effect of cowling— inner— lip shape .— The effectiveness of a revised 

cowling— inner— lip shape incorporating the NACA 1— series ordinates of 
table I has previously been shown in the section of the report entitled 
"Internal Flow." Data presented in figure k2 show that installation of 
the revised inner— lip shape did not appreciably affect the critical Mach 
number characteristics of several widely different cowling configurations. 
Hence, the design data for the standard NACA 1— series cowlings can be 
used to design NACA 1— series cowlings utilizing this revised shape pro- 
vided that the change in inlet area is taken into account. 

Effect of propeller operation .- Predicted critical Mach numbers for 

the NACA 1— series cowling— spinner combination tested with and without a 
propeller are presented in figure ^ 3 . The critical Mach number character- 
istics predicted for the propeller— installed condition from the pressure 

p — p 0 

coefficient P = — (fig. ^3(a)) are obviously in error since it has 


been shown previously that propeller operation effects increases in the 
maximum velocities along the cowling surface. However, reasonable values 
of critical Mach numbers are obtained if fictitious critical Mach numbers 
are first predicted from pressure coefficients based on the dynamic pres— 


and are then converted to values based on the free— stream velocity by 


Such values decrease regularly with increases in propeller thrust— disk- 
loading coefficient as required by the accompanying increases in velocity 
along the cowling surface. 


sure in the slipstream Just outside the cowling boundary layer 



multiplying the predicted values by 
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The knees of the curves of M cr plotted against 



cr 


for the 


propeller— installed condition always occurred at lower inlet— velocity 
ratios than was the case for the propeller— removed condition regardless 
of the computation method used. (See fig. 43 .) This shift is believed 
to have been caused in part by the contraction of the slipstream, which 
changed the flow direction in the vicinity of the inlet lip, and in part 
by the static pressure gradient imposed by the slipstream. The inlet>- 
velocity ratios which correspond to the selection points for the propeller- 
removed conditions therefore appear to be amply conservative for design 
purposes. A cross plot at the propeller— removed design value of inlet- 
velocity ratio (fig. 44) also indicates that within the high-speed range 
of flight conditions the decrease in critical Mach number due to pro- 
peller operation is negligible; thus, the propeller— removed critical 
Mach number characteristics of the present report are directly applicable 
for the purpose of design without correction. It is interesting to note 
in figure 44 that the decrease in critical Mach number due to the pro- 
peller was only about half as large when computed from the measured pres- 
sure data as when computed on the basis of uniform propeller— thrust disk 
loading. 


Typical construction plots in which the critical Mach number char- 
acteristics of cowling configurations with the same inlet diameter and 
spinner were grouped together for the purpose of determining envelope 
curves of critical Mach number and inlet— velocity ratio are shown in 
figure h5. As discussed in reference 1, the envelope curve for each 
such family of cowlings has important significance in that the cowling 
whose critical Mach number curve is tangent to this curve at a given 
point has the minimum inle1>-velocity ratio for which the critical Mach 
number corresponding to the point of tangency can be obtained by any 
cowling of the family; with the given spinner, such a cowling is also 
the shortest cowling of any inlet diameter for which this critical Mach 
number can be obtained at this inlet— velocity ratio. Therefore, when 
the flow is not separated from the spinner or when this consideration is 
ignored, the design inlet— velocity ratio and the design critical Mach 
number for a given cowling are considered to be the values corresponding 
to the point of tangency of the critical Mach number curve for the cowling 
with its respective envelope curve. 

Envelope values of critical Mach number and inlet— veloc ity ratio for 
the several NACA 1— series cowlings investigated are presented in figure 46 
as a function of spinner proportions. The addition of spinners to the 
open-nose cowlings had an almost negligible effect on the envelope critical 
Mach numbers in most cases. However, in accordance with the previous 
discussion of the effect of spinners on the locations of the knees of the 


Envelope Values of M cr and 
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critical Mach number curves, the envelope inlet-velocity ratios for the 
cowling— spinner combinations were usually less than those for the open— 
nose cowlings when the flow was separated from the spinners and were 
usually higher than those for the open-nose cowlings when the flow was 
not separated from the spinners. 

The envelope critical Mach numbers for the NACA 1— series cowling 
configurations investigated are shown in figure 47 as a function of ah 


data exhibited an excellent degree of correlation on the basis of this 
parameter and were in good agreement with the higher Mach number data of 
reference 1. As would be expected on the basis of figure 46, the data 
for the several cowling— spinner combinations also correlated to an 
acceptable degree on the same line as the data for the open— nose cowlings. 
On the basis of the variation shown, it is evident that within the usual 
range of inlet— diameter ratios the envelope critical Mach number increases 
with increase in either cowling length or cowling inlet diameter. Usually 
increasing the cowling length is the more powerful means for obtaining a 
required increase in critical Mach number. 

The surface pressure distributions over the NACA 1— series cowlings 
are not absolutely uniform at their envelope selection conditions. As a 
result, the envelope inlet— velocity ratios for these cowlings are some- 
what higher than values calculated, by means of equation (10) of 
appendix A, for cowlings having the same critical Mach number and the 
same inlet diameter, but having sharp inlet lips and absolutely uniform 
surface— pressure distributions (fig. 48). As shown in figure 48, however, 
a fixed relationship exists between the two sets of inlet— velocity ratios. 
The inlet>-velocity ratio for any given NACA 1— series open-nose cowling 
therefore may be estimated with acceptable accuracy by first calculating 
the inlet— velocity ratio required by the surface pressures on the corre- 
sponding theoretical open— nose cowling (by use of equation (10) of 
appendix A) and then correcting the value obtained by reference to 
figure 48. 

The insertion of an NACA 1— series spinner can be assumed to have a 
negligible effect on the envelope value of critical Mach number for any 
particular NACA 1— aeries opeiv-nose cowling. (See figs. 46 and 47.) Also, 
the preceding paragraph has pointed out a means for calculating the 
envelope inlet— velocity ratios for the open-nose cowlings. It is only 
necessary to establish the effect of spinner proportions on the required 
value of inlet— velocity ratio, therefore, in order to utilize the 
available NACA 1— series open-nose— cowling data in the design of 
NACA 1— series cowling— spinner combinations outside the range of cowling 
proportions investigated. As an approach to the problem of determining 
this effect of spinner proportions, an attempt was made to compute (by 
means of equation (4) of appendix A, neglecting the skin— friction drag 
of the spinner) the inlet-velocity ratio required at the test Mach number 
tp obtain a predicted critical Mach number for each cowling— spinner 
combination with unseparated spinner flow equal to the envelope critical 


empirically determined parameter 
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Mach number for the open-nose cowling used as its basic component. When 
the actual pressure distributions on the cowling— spinner combinations 
were used in the calculations, the calculated and experimental values of 
required inlet— velocity ratio (fig. 49) were generally in good agreement 
at small values of spinner— diameter ratio. Appreciable discrepancies 
existed in some cases at large values of spinner— diameter ratio, however, 
probably because the minimum pressure peaks on the inner surface of the 
cowling, which contributed greatly to the thrust force on the cowling at 
the higher inlet— velocity ratios, were very sensitive to small changes 
in lip contour such as may have existed at sections of the inlet lip 
outside the immediate region of the measuring station. When the measured 
pressures on the spinners were used in the calculations in conjunction 
with the average surface— pressure coefficients for the basic operwiose 
cowlings, the agreement between the calculated and experimental values 
of required inlei>-velocity ratio again was generally satisfactory at 
small values of spinner— diameter ratio where the insertion of the spinner 
would be expected to have only a small effect on the pressure distribu- 
tion over the open— nose cowling. Thus, if the spinner diameter is small 
with respect to the inlet diameter of the proposed cowling and if pres- 
sure distributions over the spinner when inserted in a cowling of approxi- 
mately the inlet diameter considered are existent, a rough estimate of 
the inlet— velocity ratio required by the proposed cowling— spinner combina- 
tion (at the Mach number for which the test data are available) may be 
obtained as follows; 

(1) Calculate Pc av ^ or cow H n & it® envelope value of Vj/V Q . 

(2) Calculate P Sav for t* 16 spinner at a V^/V 0 Just greater than 
the envelope value for the cowling. 

(3) Using P Cay from step (1) and Ps av f rom step (2), calcu- 
late Vj./V 0 for the cowling— spinner combination from equation (4) of 
appendix A. 

(4) Compare the calculated value of V^/V 0 of step ( 3 ) w ith the 
value assumed in step (2). If the two values differ appreciably, assume 
a new spinner pressure distribution corresponding to the Vj/Vq obtained 
in step (3) and repeat steps (2) and (3). 

(5) Repeat step (4) until the assumed and calculated values of V i /V Q 
agree. The V^/Vq finally obtained is the required value. 

Inasmuch as equation (4) of appendix A predicts the effect of spinner 
proportions on the required inlet— velocity ratio for a given cowling with 
reasonable accuracy (fig. 49) , equations (9) and- (10) of appendix A can 
be used to study the effect of Mach number on the increments by which the 
envelope inlet— velocity ratios for the NACA 1— series open— nose cowlings 
mu3t be increased to allow for the insertion of NACA 1— series spinners. 
Consider, for instance, the NACA 1— 70— 100 open— nose cowling and the 
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NACA 1— 70— 100 cowling with the NACA 1— 40— 060 and 1— 6O-O6O spinners 
installed. If for these configurations the measured pressure distribu- 
tions used in calculating the dot— dash curve of figure 49 are extra- 
polated by use of the von Karmen relation to the predicted critical Mach 
number for the operwiose cowling (0.822) and the corresponding inlet- 
velocity ratios are calculated by use of equations (9) and (10) of 
appendix A, the following comparison with the low— speed values of 
figure 49 is obtained: 


Spinner 

i <i 

l H* 
O 

| 

Test, 

M c = 0.13 

Calculated. 

M 0 = 0.13 

M q = 0.822 

None 

O.67 

O.67 

0.57 

1—40—0 60 

.72 

.74 

.67 

1-60-060 

1.03 

1.04 

1.08 


These results indicate that the change in required inlet— velocity ratio 
caused by the addition of a spinner is substantially the same at high 
speeds as at low speeds. The experimentally determined inlet— velocity 
ratio increments of figures 46 and 49 therefore appear to be directly 
applicable to the extrapolation problem discussed in the preceding 
paragraph. 


Development of Selection Charts 

The method used for selecting the design conditions for the 
NACA 1— series cowling— spinner combinations is illustrated in figure 50. 

The envelope values of critical Mach number and inlet— velocity ratio, 
labeled (1), were always used unless they fell to the left of the 
vertical dot— dash line which identifies the minimum inlet— velocity ratio 
for which flow separation frcm the spinner was avoided (fig. I3). When 
the knee of the curve for a given cowling fell to the left of this 
vertical line, the design conditions corresponding to the points of 
intersection of the critical Mach number curves with this vertical line, 
labeled (2), were selected. The cowling— spinner combination with its 
knee curve tangent to the envelope curve at point (3) has the highest 
critical Mach number that can be obtained at the specified lower limiting 
value of inlet— velocity ratio by any cowling— spinner combination of the 
family; following the concepts of reference 1, such a configuration 
is hereafter referred to as an "optimum combination.” 

The separation— free design conditions for the NACA 1— series cowling- 
spinner combinations obtained as just discussed are presented in figure 51 
as a function of spinner proportions. The slightly irregular variations 
in the design inlet— velocity ratios for several of the thinner— lipped 
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cowlings resulted from the changes in spinner proportions causing changes 
in the flow phenomena on the spinner and therefore requiring changes in 
the selection method. It should again be noted that the values of inlet- 
velocity ratio and mass— flow coefficient specified in this figure are 
high enough to avoid appreciable negative pressure peaks on the cowling 
lips; further increases in the rate of internal flow will tnerefore 
increase the critical Mach number only a small amount. 


Cowling selection charts based on the data of figure 51 are presented 
in figure 52. The dashed lines which divide the cowling— spinner charts 
into two parts define the optimum combinations having the maximum critical 
Mach number obtainable at the minimum inlet— velocity ratio for unseparated 
spinner flow. Above these lines, where the design conditions were deter- 


mined by the locations of the Knees of the M cr versus 



curves. 


the variations were established by cross— plotting the envelope data of 
figure 46 (extrapolated a reasonable amount) as a function of the cowling- 
inlet diameter and cowling— length ratios. Below the dashed lines, where 
the design conditions were determined by the consideration of avoiding 
flow separation from the spinners, the variations were obtained by 
similarly cross— plotting all the data in figure 51 for which the design 
inlet— velocity ratios were those defined in figure 13 . The large areas 
below the dashed lines again point out the desirability of developing 
new families of spinners which can be used at lower values of inlet- 
velocity ratio than those of the NACA 1— series spinners without incurring 
flow separation ahead of the inlet. 


The large breaks in the critical Mach number contours of figure 52 
may be explained by reference to figure 50 * So long as the design inlet- 
velocity ratios fell to the right of the vertical dot-hash line, the 
design critical Mach numbers followed the envelope curve with decreases 
in cowling length. When the cowling length decreased beyond that for 
the optimum combination (point ( 3 )), however, the design critical Mach 
numbers dropped below the envelope curve along the vertical dot— dash line 
so that the critical Mach numbers changed less rapidly with further 
decreases in cowling length than would be the case if the design condi- 
tions were assumed to occur along the envelope curve. In other words, 
when the required inlet— velocity ratio was higher than that corresponding 

/Vi\ 

to the knee of the curve of M cr plotted against ( — I as is the case 

\ v o/ cr 

below the dashed lines of figure 52, the design critical Mach number was 
somewhat greater than that corresponding to the knee of the curve. The 
corresponding small breaKs in the curves of m/p 0 FV o of figure 52 may 

be explained in a similar manner. 

Design data for the NACA 1— series open— nose cowlings obtained in the 
present investigation are presented in figure 52 in the same form as the 
design data for the NACA 1— series cowling— 3 pinner combinations. These 
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data are also replotted in figure 53 with the parameter m jp Q FV 0 replaced 


general design procedure outlined in the next section of the report. The 
values of critical Mach number and inlet— velocity ratio for particular 
cowlings given in figure 53 are approximately the same as those specified 
in the selection charts of reference 1; some differences exist, however, 
because of differences in the methods used to extrapolate the test data. 


The optimum cowling— spinner combination for a given airplane is 
considered to be the one for which the operating inlet— velocity ratios 
are a minimum and for which, under all important flight conditions, the 
flow is unseparated from the spinner and the critical Mach number is 
equal to or greater than the free— stream Mach number. In the present 
section of the report, a procedure for the selection of the optimum 
NACA 1— series cowling-spinner combination is first presented. A 
generalized procedure permitting selection of NACA 1— series cowlings for 
use with any spinner— propeller configuration for which certain application 
data are available is then developed and illustrated. Finally, a method 
is outlined for extrapolating the present cowling— spinner design data 
through the use of figure 47, figure 48, and equation (10) of appendix A 
in conjunction with the general design procedure. 

Design procedure for NACA 1— series combinations.— NACA 1— series 

cowling— spinner combinations within the range of proportions investigated 
may be selected by the use of figure 52 provided that the propeller— shank 
configuration is similar to the one investigated. For example, assume 
that it is desired to design a cowling— spinner combination for a 
3000 — horsepower gas-turbine unit to be mounted in a 40— inch— diameter 
nacelle (frontal area, F = 8.73 3< 1 ft). Also, assume that the effective 
angle of attack of the cowling axis and the engine air— flow requirements 
are known for all flight conditions. The required design procedure is 
then as follows: 

(1) Select for consideration the following high-speed operating 
condition which appears to offer the most severe combination of high 
flight Mach number and low inlet— velocity ratio: 

Operating altitude, feet 35,000 

Air density at altitude, p Q , slug per cubic foot O.OOO 736 

Flight speed, V Q , feet per second (53® mph) 790 

Effective angle of attack of cowling center line, a, degree .... 0 

Flight Mach number, M 0 0.81 

Total combustion and cooling air flow, m, slug per second • • • O .762 
Massif low coefficient, m/p 0 FV 0 0.15 


by the parameter 



to facilitate the use of these data in the 


Cowling Selection 
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(2) From a layout of the propeller huh and the engine installation, 
determine that the NACA 1—4-5-050 spinner is the smallest spinner which 
will enclose the propeller huh and fair smoothly to the fixed ducting of 
the engine. The data of figure 13 show that this minimum— size spinner 
should he used as it has a lower separation value of inlet— velocity ratio 
than that of longer or larger diameter NACA 1-eeries spinners. 

( 3 ) Having a = 0°, = 0.8l, and — — — = 0.15* select in 

^ 0^0 

figure 52 the following optimum cowling proportions for spinners bracketing 
the NACA 1-4-5-050 spinner: 


Spinner 

Cowling proportions 

d/D 

x/d 

1—40-0 4o 

0.641 

0.932 

1-40-0 60 

.626 

.908 

1-50-040 

.677 

1.023 

1 - 50-060 

.689 

.929 


(4) Determine hy cross interpolation that the NACA 1-66-095 cowling 
is optimum for the design conditions considered. 

( 5 ) Construct curves of M cr plotted against m /p 0 FV 0 for the 

NACA 1— 66-095 cowling with the 1—45— 050 spinner (for angles of attack of 0°, 
2 °, 4 °, and 6 °) hy interpolation of the data presented in figures 30 to 38 * 

( 6 ) Check all known operating conditions against the curves of step (5)* 
If, in any important flight condition, the critical Mach number is less 
than the flight Mach number or the mass— flow coefficient is lower than 

the minimum value for avoiding flow separation from the spinner, repeat 
steps ( 3 ) to ( 6 ) (using the more critical design conditions so determined) 
to select a new cowling. 

Additional considerations may necessitate the choice of a different 
cowling. For instance, if the inner— lip fairing of table V is to he 
applied to a large percentage of the inner— cowling— lip surface to reduce 
the likelihood of flow separation, it is desirable, where the design 
inlet velocity is determined by the consideration of flow separation from 
the spinner, to use a slightly larger inlet— diameter cowling in order to 
allow for the inlet area blocked by the revised fairing. Also, it may 
be found that the exterior lines of the cowling initially selected do not 
clear the engine installation. In such a case it is necessary to start 
with a larger diameter spinner and thereby choose a cowling with a larger 
inlet diameter; if this process leads to the use of an excessively high 
inlet— velocity ratio, it may also be desirable to increase the maximum 
diameter of the nacelle. 
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General design procedure.— A number of design considerations are 

automatically taken into account in the preceding cowling— selection 
method. A more fundamental design procedure utilizing figures 28, 29 , 
and 53 or the comparable design charts of reference 1 will now be pre- 
sented to explain these considerations. This procedure, which treats 
the individual effects of the spinner and the propeller on the perform- 
ance of the open-nose cowling separately, is essentially that presented 
in reference 1 with the addition of the following quantitative applica- 
tion data for the particular family of spinners and propellers tested: 

(1) The minimum inlet— velocity ratio for unseparated inlet flow 

(fig. 13). 

(2) The effect of the spinner on the envelope critical Mach number 
of the cowling (figs. 40 and 46). 

( 3 ) The effect of the spinner on the envelope inlet— velocity ratio 
of the cowling (figs. 40 and 46). 

(4) The effect of the propeller on steps (l), (2), and ( 3 ), figures 11 
and 43(b) . 

As pointed out in the preceding discussion, seme application data for 
hemispherical-nose spinners are given in reference 4, data on the par- 
ticular conical spinner of the present investigation are presented in 
figures 8 , 14, and 41, and data presented in references 2 and 3 afford 
a beginning to the solution of the propeller-cowling interference problem. 
The method considered therefore has immediate application to the design 
of NACA 1— series cowlings for use with hemispherical-nose spinners and 
conical spinners similar to the one investigated. When the existing 
application data are supplemented by the recommended spinner— shape and 
propeller— interference research, this method then can be used in the 
design of NACA 1— series cowling configurations incorporating desirable 
changes in spinner and propeller geometry. 

The proposed general design method assumes that inlet— flow stability 
determines the minimum inlet— velocity ratio. Thus, after due allowance 
is made for the usually small effects of the spinner and propeller on 
the selection value of critical Mach number, an NACA 1— series cowling is 
selected for the inle't>-diameter ratio corresponding to this critical value 
of inlet— velocity ratio. Then the envelope inlet— velocity ratio for the 
cowling so selected is corrected for the presence of the spinner and the 
resulting value compared with the separation inlet— velocity ratio. If 
the envelope inlet— velocity ratio for the ccwling-spinner combination is 
lower than the separation inlet— velocity ratio, the selected cowling is 
the one required. However, if the envelope inlet— velocity ratio exceeds 
the separation inlet— velocity ratio, the selection procedure must be 
repeated, using intermediate values of inlet— velocity ratio, until both 
design criterion are satisfied at the design mass— flow coefficient. As 
an illustration of this design method, assume that the spinner considered 
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ha 8 the same maximum diameter ratio and design characteristics as the 
NACA 1— k0-060 spinner and that the propeller is similar to the one 
investigated. Also, assume that the design critical Mach number is 0.82, 
the design mass— flow coefficient is 0.23, an< ^ the design angle of attack 
is 0°. The selection procedure is then as follows: 


(1) From figure 13 or equivalent, determine ^ 
inlet flow to be 0.51. 


Y i' 

o. 


for unseparated 


min 


(2) Having f — ' \ , M cr , and m/p a F V Q , determine (A^F) to 


min 

be O.36 from figure 29. 


(3) Read = 0.72 from figure 28. 


(k) From unseparated— spinner— flow data of figure k6(a) or equivalent, 
determine that for operwiose cowlings with ^ » 0.7 and M cr 3J 0.8, 

addition of the spinner considered does not change M cr (as is typical 
for spinners which are essentially cylindrical for a short distance ahead 

of the inlet) but increases ( — ) by 0.0k. 

W cr 

(5) From figure k3(b) or equivalent, determine that propeller opera- 


tion also does not change M cr but decreases 


by 0.07. 


cr 


(6) From steps (k) and (5) determine that addition of the spinner 

causes a AM__ of zero and a &( — \ = -O.O3. 

\ V o/ 

cr 


(7) From ^ = 0.72 and M cr + AM rr = 0.82, select the 


cr 


1— 72-09k # 5 cowling with open— nose f — ) =0.57 from figure 53* The 


cr 


owling— spinner— combination ( — ) is 0.57 + a( — - ] = 0.5k, a 


'cr ' ~'cr 

value greater than the assumed value of 0.5I which corresponds to the 
design iii/pqFVq. Thus, a second selection must be made. 
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(8) For the second selection start with 


,v. 


'cr 


0.51 + 0.54 
2 


= 0.525 


and repeat steps (2) and (3) to obtain — = 0.712. Then from figure 53 


select the 1-71.2-096 cowling with open nose ( 7 f—\ = 0.555* 

\% r 


As 


the ( — ] for the cowling— spinner combination 0.555 + A( — | = O.525 

• T °4r V V =/ cr 

is equal to the assumed value, this cowling satisfies the design conditions. 


Extrapolation of cowling— selection data.— When the design critical 

Mach number appreciably exceeds the range covered in figure 53> figures 26, 
47, 48, and 49 and equation (10) of appendix A may be used to extrapolate 
the experimental design data to obtain longer or larger— inlet— diameter 
cowlings. As an illustration of the proposed extrapolation procedure, 
take all the conditions of the preceding example except the critical Mach 
number and assume a new required critical Mach number of 0.90. Then 
proceed as follows: 

(1) From top part of figure 47, determine required X/D for each 
of several values of d/D ^for example, ^ = I.87 for M Q = 0.90 

and | = O.70). 


(2) From figure 26 and equation (10) of appendix A, calculate 
'Vi' 


required values of 


for theoretical open-nose cowlings with 


cr 


sharp inlet lip3, uniform surface pressure distributions corresponding 
to local M = 1 at M 0 = 0.90, and the same values of d/D as the 

cowlings selected in step (1) ^for example, 


= 0.51 for 2. = 0.70). 


cr 


(3) Determine 


V, 


values for the NACA 1— series open— nose 


cr 


cowlings which correspond to 


values of step (2) by reference to 


cr 


figure 48 (for example 


, (H) , 0 . 


66 for - = 0.70, where 
D 


£) 


= 0.51 


cr 


for the theoretical cowling of this inlet>— diameter ratio). 
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v i 

(4) In order to allow for effect of the spinner on ( — 


r i\ 


add an 


cr 


increment of I — j = 0.04 to values obtained in step (3) after refer— 
^ 0/ cr 

ence to application data such as those of figure 49. Thus, for the 


NACA 1— series cowling— spinner combination with — = 0.70, ( — ) » 0.70. 


cr 


Ai / A^ 

(5) Determine values of — from figure 28 (for example, — = 0.33 

F \ F 

d 

for - = 0.70 and — = 0.40 . 

D D 


(6) Determine design values of mass— flow coefficient from figure 29 


for example, 


m 


P0FV0 


= 0.28 for 


V o/c 


= 0.70, M cr = 0.90, and 


r~~ °- 33 )- 


(7) Cross— fair the assumed values of d/D and the corresponding 
values of X/D from step (1) as a function of the mass— flow coefficients 
determined in step (6). 

(8) At the required mass— flow coefficient of 0.23> determine from 
the cross fairing of step (7) that the NACA 1—66.5— 198 cowling is the one 
required. 


(9) From figure 29, determine that 


V o ), 


= O.65 for the cowling— 


cr 


spinner combination of step (8). Then note from figure 13 or equivalent 
that this value exceeds that necessary for avoiding separation from the 
spinner. 


SUMMARY OF RESULTS 


An investigation has been conducted in the Langley propeller— research 
tunnel to study cowling— spinner combinations based on the NACA i— series 
nose inlets and to obtain systematic design data for one family of 
approximately ellipsoidal spinners. The more important conclusions of 
the investigation are summarized as follows: 
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1. For each spinner there is a single minimum inlet— velocity ratio 
below which boundary— layer separation from the spinner occurs at or ahead 
of the inlet. In the case of the NACA 1— series spinners, this inlet- 
velocity ratio is often higher than that necessary to obtain an essentially 
uniform pressure distribution on the cowling and thus determines the high- 
speed design conditions. 

2. Short conical spinners are superior to comparable NACA 1— series 
spinners with regard to the minimum inlet— velocity ratio for which flow 
separation is avoided. 

3 . Separation bubbles occur on the inner— lip surface of the 

NACA 1— series cowlings at high inlet— velocity ratios and, in the case of 
the open— nose cowlings, initiate important separation of the internal 
flow. In the case of the cowling— spinner combinations, propeller opera- 
tion causes a strong outwardly increasing total— pressure gradient in the 
inlet which delays and tends to eliminate such separation. A revised 
inner— lip shape of the type investigated can be used to delay the forma- 
tion of such separation bubbles to considerably higher inlet— velocity 
ratios . 

A. Within the usual range of proportions, the addition of 
NACA 1— series spinners to NACA 1— series cowlings does not change the 
design critical Mach numbers for the cowlings appreciably, but frequently 
causes large changes in the inlet— velocity ratios required to obtain 
essentially uniform pressure distributions on the cowlings. Where the 
design conditions are not determined by the flow— separation character- 
istics of the 3pinner, the design inlet— velocity ratio increases rapidly 
with increases in the slope of the spinner surface just ahead of the 
inlet; important increases may be obtained when short conical spinners 
are substituted for conventional spinners of the same over-all proportions. 

5 . With a propeller having approximately oval shanks, propeller 
operation retards flow separation from the spinner and inner cowling— lip 
surface and, within the usual range of high-speed operating conditions, 
doe 3 not reduce the design critical Mach number. 

6 . Increases in flight Mach number reduce the effective angle of 
attack of the cowling lip for given values of inlet-velocity ratio less 
than unity and thus reduce the minimum value of inlet— velocity ratio for 
which a near— uniform surface pressure distribution on the cowling is 
obtained and tend to make the inner cowling— lip surface more susceptible 
to flow separation. 

Inasmuch as the present tests were conducted at low test airspeeds, 
the investigation necessarily included a study of the procedure required 
to de terrains the design operating conditions at the design flight Mach 
number from the low— speed test results. In this study, existing rela- 
tions for open— nose cowlings were generalized to the case of the cowling- 
spinner combination and extended to the case of compressible flow. The 
derived relations were then used to calculate the effect of Mach number 
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on the design inlet— velocity ratio and to establish a simple correction 
procedure . 

The design conditions for the NACA 1— series cowlings and cowling- 
spinner c crab inat ions are presented in the form of charts from which, for 
wide ranges of spinner proportions and rates of internal flow, cowlings 
with near-maximum pressure recovery can be selected for critical Mach 
numbers ranging from 0.70 to about O. 85 . In addition, the characteristics 
of the spinners and the effects of the spinners and the propeller on the 
cowling design conditions are presented separately to provide initial 
quantitative data for use in a general design procedure through which 
NACA 1— series cowlings can be selected for use with spinners of other 
shapes. By use of this general design procedure, correlation curves 
established from the test data, and the equations of appendix A, 

NACA 1— series cowlings and cowling— spinner combinations can be designed 
for critical Mach numbers as high as 0.90. 


Langley Memorial Aeronautical Laboratory 

National Advisory Ccramittee for Aeronautics 
Langley Field, Va. 
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APPENDIX A 


EQUATIONS RELATING INLET-VELOCITY RATIO WITH 


SURFACE PRESSURES AND FRONTAL AREAS OF 


COWLING AND SPINNER 


P. Ruden in references 4 and 5 presents incompressible— flow equa- 
tions relating the inlet-velocity ratio, inlet-area ratio, and surface- 
velocity ratios for a nose inlet. Because of their importance to the 
present investigation, these equations are herewith generalized to cover 
the case of the cowling— spinner combination. The scheme used in the 
basic derivations is also used to obtain similar compressible— flow rela- 
tions for both open— nose cowlings and cowling— spinner combinations. 

Consider in figure 54 the volume of reference which encloses the 
cowling for a distance aft of the maximum— diameter station great enough 
to allow the external velocities to return to the free— stream value and 
is so large that the pressures on its boundaries outside of the cowling 
are everywhere equal to the free— stream pressure. In steady flight, this 
volume must be in equilibrium; hence, the difference between axial forces 
on the ends of this volume must equal the rate of change of momentum of 
the included flow. On the external surface of the cowling, the skin 
friction corresponds approximately to the momentum loss in the boundary 
layer so that both may be neglected in setting up the force equation. 
Thus, the axial pressure force on the spinner plus the pressure force on 
the inlet area plus the axial pressure force on the cowling minus the 
product of the free— stream pressure and the cowling frontal area plus 
the skin— friction drag of the spinner must equal the rate of change of 
momentum of the internal flow. If forces which tend to push the refer- 
ence volume in the thrust direction are defined as positive, this rela- 
tion can be expressed algebraically as follows: 





d/2 


2n 


p r dr + 2n 
r 6 



Oo 


0V a /2 


pD/2 


+ 2n 



( 1 ) 


Ud/2 
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If the free— stream pressure is taken as the reference pressure, and all 
terms are divided by q , the following expression in terms of the pres- 
sure coefficient is obtained: 


r D s/2 


2n 


P g r dr 


+ 2n 


Jo 


pd/2 


P^r dr 


+ 2n 


Jd 3 /2 


1D/2 

P Q r dr + 

Jd/2 


£S 

*0 



( 2 ) 


Then, if the local pressure coefficients in the three terms on the left 
are replaced by average pressure coefficients weighted with respect to 

jfl)2 

frontal area, and all terms are then divided by F = — , equation (2) 
becomes 



p i 


Incompressible— flow case.— If the flow is incompressible so that 



Therefore, the second and fourth terms can be 


combined and the following general incompressible— flow expression for 
the average surface pressure coefficient on a cowling— spinner combination 
obtained: 
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where the term f g Jq Q F can be neglected unless the spinner diameter 
is very large with respect to the maximum diameter of the cowling. It 

( v i 

will be noted that the inlet— velocity ratio occurs only as 1 1 — — 

\ v o 

so that a given set of pressures would appear to correspond to two dif- 
ferent inlet— velocity ratios, one greater than unity and one less than 
unity. 

Equation ( 4 ) can be used to compute the average surface— pressure 
coefficient on one component of the cowling— spinner combination if the 
surface pressure distributions on the other component, the inlet— velocity 
ratio, and the frontal dimensions of the inlet are known. Similarly, 
with the surface pressures and frontal dimensions of one component known, 
the required frontal area of the other component for stipulated average 
surface pressure coefficients can be calculated for arbitrary values of 
inlet— velocity ratio. Also, as in the present report, this relation can 
be used to compute the inleWvelocity ratio from the frontal proportions 
of the installation and the surface pressure distributions. 

In the case of the open— nose cowling, the spinner diameter ratio 
goes to zero so that equation ( 4 ) for this special case becomes 




This equation can be transformed directly into the forms given in refer- 
ences 4 and 5* 

Compressible— flow case.— An examination of equations ( 2 ) and (3) 

shows that all terms of these general relations are affected by a depar- 
ture from the assumption of incompressible flow. However, it is possible 
to calculate the effects of compressibility on the inlet— static-pressure 
coefficient and on the inlet— density ratio p i/ p 0 as a function 

of inlet-velocity ratio. Therefore, the same method of analysis can be 
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used to obtain compressible— flow expressions relating the inlet— velocity 
ratio to the surface pressure coefficients and frontal areas of the 
spinner and cowling. 

Consider the energy equation. 



or 


Pi _ £o 

Pi P 0 



Since 



for isentropic flow. 


7-1 


P 


i 


7 




Then, since 


Po 

?Po 




Zzi Zzi Zzi 

Pi 7 - Po 7 = L Y~ M o 2 P o 7 



Whence 



(6) 
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Then, since 


£0 

*0 


2 




Also, from equation (6) since 


Pi 

Po 


1 

PiV 

— I for isentropic flow, 

P oj 



( 8 ) 


Having expressions (7) and. (8), the second and fourth terms of 
equation (3)> as in the incompressible— flow case, again can be combined 
into a single term 



If a symbol C is assigned to the quantity within the large parentheses, 
the following compressible— flow expression for the average surface pres- 
sure coefficient on the cowling of a cowling— spinner combination can be 
obtained from equation (3): 
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where, it is again noted, that the term f s /q Q F can be neglected 

unless the spinner diameter is very large with respect to the maximum 
diameter of the cowling. The corresponding expression for the open-nose 
cowling is then 



( 10 ) 


As an aid to the solution of these equations, factor C is presented in 
figure 26 as a function of the free— stream Mach number and the inlet- 
velocity ratio. 

Equations (9) and (10) when used with figure 26 have approximately 
the same field of application as incompressible— flow equations (4) 
and (5)* Also, as developed in the text, it is possible by use of these 
equations to determine the approximate high-speed inlet— velocity ratio 
from low— speed test data by extrapolating the measured surface— pressure 
coefficients by means of the von Karman relation. However, inasmuch as 
the von Karman relation does not accurately predict the variation of 
large positive pressure coefficients with Mach number, the latter applica- 
tion can give reasonably accurate results only so long as the region of 
large positive pressure on the cowling and spinner are small with respect 
to the region of negative pressure on the cowling. 
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TABLE I 

NACA 1-SERIES ORDINATES AS APPLIED TO COWLINGS AND SPINNERS 




D (i - 2) 

D-d \ D J 

For r = 0.025Y : Y = ■ a 

2.05 2 o05 


[ordinates In percent, reference 1 


x/X or 

X 8^*8 

y/Y or 

y.A, 

x/X or 
x a/*s 

y/Y or 

YbA, 

x/X or 

x a/*s 

y/Y or 

y.A, 

x/X or 
x a/*s 

y/Y or 

y.A. 

0 

0 

13.0 

41.94 

34.0 

69.08 

60.0 

89.11 

.2 

4.80 

14.0 

43.66 

35.0 

70.08 

62.0 

90.20 

.4 

6.63 

15.0 

45.30 

36.0 

71.05 

64.0 

91.23 

.6 

8.12 

16.0 

46.88 

37.0 

72.00 

66.0 

92.20 

.8 

9.33 

17.0 

48.40 

38.0 

72.94 

68.0 

93.11 

1.0 

10.38 

18.0 

49.88 

39.0 

73.85 

70.0 

93.95 

1.5 

12.72 

19.0 

51.31 

40. C 

74.75 

72.0 

94.75 

2.0 

14.72 

20.0 

52.70 

41.0 

75.63 

74.0 

95.48 

2.5 

16.57 

21.0 

54.05 

42.0 

76.48 

76.0 

96.16 

3.0 

18.31 

22.0 

55.37 

43.0 

77.32 

78.0 

96.79 

3.5 

19.94 

23.0 

56.66 

44.0 

78.15 

80.0 

97.35 

4.0 

21.48 

24.0 

57.92 

45.0 

78.95 

82.0 

97i87 

4.5 

22.96 

25.0 

59.15 

46.0 

79.74 

84.0 

98.33 

5.0 

24.36 

26.0 

60.35 

47.0 

80.50 

86.0 

98.74 

6.0 

27.01 

27.0 

61.52 

48.0 

81.25 

88.0 

99.09 

7.0 

29.47 

28.0 

62.67 

49.0 

81.99 

90.0 

99.40 

8.0 

31.81 

29.0 

63.79 

50.0 

32.69 

92.0 

99.65 

9.0 

34.03 

30.0 

64.89 

52. 0 

84.10 

94.0 

99.85 

10.0 

36.13 

31.0 

65.97 

54.0 

05.45 

96.0 

99.93 

11.0 

38.15 

32.0 

67.03 

56.0 

86.73 

9e.o 

99.98 

12.0 

40.09 

33.0 

68.07 

58.0 

e7.95 

100.0 

100.00 



Cowling nose radius: 

0.025Y 




NOTE: 


Dotted lines show particular internal configuration 
used in present tests. 
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TABLE III.- TEST CONFIGURATIONS WITH LONGITUDINALLY 

DISPLACED SPINNER. 



TABLE IV.- TEST CONFIGURATION WITH CONICAL SPINNER. 



44 


NACA RM No. L8A15 


TABLE V.- MODIFIED INNER-LIP SHAPE 
TESTED ON TWO BASIC COWLINGS. 



1 inch 


Reference line 
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TABLE VI.- KEY TO BASIC CRITICAL MACH NUMBER DATA 
FOR NACA 1-SERIES COWLING CONFIGURATIONS 


Figure 

(a) 

Cowling 

Spinner 

Xg 

D 

D s 

D 

30(a) 

1-55-150 

0.40 

0.20, 0.30, 0.40 

30(b) 

do. 

o60 

do. 

30(c) 

do 0 

o80 

0.40 

31(a) 

1-55-100 

.40 

0.20, 0.30, 0.40 

31(b) 

do. 

.60 

do. 

31(c) 

do o 

.80 

0.40 

32(a) 

1-55-050 

.40 

0.20, 0.30, 0.40 

32(b) 

do. 

.60 

do. 

32(c) 

do. 

.80 

0.40 

33(a) 

1-60-100 

.40 

0.20, 0.30, 0.40, 0.50 

33(b) 

do • 

o60 

do. 

33(c) 

do. 

.80 

0.40 

34(a) 

1-60-075 

.40 

0.20, 0.30, 0.40, 0.50 

34(b) 

do. 

.60 

do. 

34(c) 

do. 

.80 

0.40 

35(a) 

1-70-100 

.40 

0.20, 0.30, 0.40, 0.50 

35(b) 

do. 

.60 

0o20 , 0.30, 0.40, 0.50, 0.60 

35(c) 

do. 

.80 

0.40, 0.60 

36(a) 

1-70-075 

.40 

0.20, 0.30, 0.40, 0.50 

36(b) 

do. 

.60 

0.20, 0.30, 0.40, 0.50, 0.60 

36(c) 

do. 

.80 

0.40, 0.60 

37(a) 

1-70-050 

.40 

0.20, 0.30, 0.40, 0.50 

37(b) 

do. 

.60 

0.20, 0 o 30 , 0.40, 0.50, 0.60 

37(c) 

do. 

.80 

0.40, 0.60 

38(a), (b) 

1-85-050 

.40 

0.40, 0.50 

38(c), (d) 

do. 

.60 

0.40, 0.50, 0.60 

38(e), (f) 

do. 

.80 

0.40, 0.60 


a 


Data for open-nose condition are pre 
purpose of comparison. 


sented in each figure for 
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(b) Propeller installed; NACA 1-70-075 cowling with 1-40-060 spinner 

Figure 1.- Continued. 
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(c) Detail view of inlet showing propeller and instrumentation; NACA 
1-70-075 cowling with 1-40-060 spinner. 
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Figure 1.- Concluded. 
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Figure 2.- General arrangement and principal dimensions of model. 
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'igure 3.- Plan-form and blade-form curves for the Curtiss 88980 
propeller. R, radius to tip; D , diameter; r, station radius; 

h, section thickness; b, section chord; p, section pitch angle. 







(a) NACA 1-55-100 cowling with 1-40-060 spinner. 

Figure 4.- Static -pressure distributions over top of representative cowlings and cowling-spinner 

combinations, propeller removed, = 0.13. 
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(b) NACA 1-70-100 cowling. 
Figure 4.- Continued. 



(c) NAC A 1-70-100 cowling with 1-20-060 spinner. ^ 

-o 


Figure 4.- Continued 
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00 = 2 


CJi 
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(d) NACA 1-70-100 cowling with 1-40-040 spinner. 


Figure 4.- Continued. 
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(e) NACA 1-70-100 cowling with 1-40-060 spinner. 


Figure 4.- Continued. 
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(f) NACA 1-70-100 cowling with 1-40-080 spinner. 
Figure 4.- Continued. 
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(g) NACA 1-70-100 cowling with 1-60-060 spinner. 


Figure 4.- Continued. 
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(h) NACA 1-70-050 cowling with 1-40-060 spinner. 
Figure 4.- Concluded. 
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/- 55-/00 Cow//Og / -70-/00 Co w//ng 


/- 70-0 SO Cow//ng 


(a) a = 0°. 


Figure 5.- Minimum pressure coefficients for top of spinners of representative NACA 1 -series 

cowling -spinner combinations; propeller removed, = 0.13. 
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(b) a = 6°. 


Figure 5.- Concluded. 
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Figure 6.- Effect of spinner location on static pressure distribution 
over NACA 1-70-100 cowling with 1-40-040 spinner; a = 0°, 

M t = 0.13. 
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Figure 7.- Variation of minimum static pressure coefficient for the 
NACA 1-40-040 spinner with inlet -velocity ratio for several 
spinner positions. NACA 1-70-100 cowling, ct = 0°, = 0.13. 
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Figure 8. - Effect of spinner shape on static pressure distribution over 
spinner and NACA 1-70-075 cowling; a = 0°, M = 0.13. 
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(a) Propeller removed. 

Figure 9.- Total pressure distributions at station 0.75 at top of inlet. 
NACA 1-70-075 cowling with 1-40-060 spinner. 
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(b) Propeller installed, a = 0°. 
Figure 9.- Continued. 
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(c) Propeller installed, a = 6°. 
Figure 9.- Concluded. 
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Figure 10.- Effect of inlet -velocity ratio and propeller operation on 
weighted average total -pressure coefficient at station 0.75 at top 
of inlet. NACA 1-70-075 cowling with 1-40-060 spinner. 


Distance from spinner topoinf at which spec if zed 
totai pressore coeff/c/ent is obta/nect, inches . 






(a) a = 0°. 

Figure 11 - Effect of inlet -velocity ratio and propeller operation on boundary -layer thickness on 
spinner at station 0.75 at top of inlet. NACA 1-70-075 cowling with 1-40-060 spinner. 
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Figure 11.- Concluded. 


cf, inches <S, inches 
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%„ 

(a) o = 0°. 

Figure 12.- Boundary -layer thicknesses on top of representative spinners at station 0.75 as a 
function of inlet -velocity ratio and cowling proportions. Propeller removed. 
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(b) a = 6°. <, 

cn 

Figure 12.- Concluded. 
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Figure 13.- Minimum inlet -velocity ratios for which unseparated boundary layers were obtained 
at station 0.75 on top of NACA 1 -series spinners. Propeller removed. 
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Figure 14.- Effect of spinner shape on boundary -layer thickness on 
spinner at station 0.75 at top of inlet; NACA 1-70-075 cowling, 
propeller removed. " ’ 
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(a) No spinner. 

Figure 15.- Static pressure distributions around nose sections of 
representative NACA 1 -series cowlings; propeller removed, 
a = 0°, M t = 0.13. 
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+ Positive pressures 



(b) With 1-40-060 spinner installed. 
Figure 15.- Concluded. 
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Figure 16.- Minimum static -pressure coefficients for inner lip surfaces of typical NACA 1 -series 
cowlings and cowling-spinner combinations. Propeller removed, a = 0°, = 0.13. 
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Figure 17.- Effect of propeller operation on minimum static -pressure 
coefficient for inner lip surface of NACA 1-70-075 cowling with 
1-40-060 spinner; a = 0°, M t = 0.13. 
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(a) 1-20-040 spinner. 


(b) 1 -40 -080 spinner. 


Figure 18.- Total -pressure -loss coefficients at reference tube 0.12 inch from inner surface 
of cowling at station 0.75 at bottom of inlet. Propeller removed, a = 6°. 
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Figure 19.- Maximum inlet -velocity ratios for which an appreciable separation bubble was 
avoided at the bottom of the inlet. (Taken as the inlet -velocity ratio for which the total - 
pressure losses at station 0.75 were 0.10q o at a reference tube 0.12 inch from the 
cowling inner surface.) Propeller removed. 
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(a) a = 0°. (b) a = 6°. 

Figure 20.- Effect of propeller operation on total -pressure -loss coefficient at station 0.75 
at bottom of inlet. NACA 1-70-075 cowling with 1-40-060 spinner. 
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(a) NACA 1-60-075 cowling with 1-40-060 spinner. 



(b) NACA 1-85-050 cowling with 1-60-080 spinner. ^ 

CJ1 

Figure 21.- Effect of inner lip shape on static -pressure distribution around cowling nose, 

propeller removed, a = 0°, = 0.13. 
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Figure 22.- Effect of inner lip shape on total -pressure -loss coefficient at reference tube 0.12 inch 
from inner surface of cowling at station 0.75 at top of inlet, propeller removed, a = 0°. 
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Figure 23.- 


Effect of propeller operation on static -pressure distribution 
NACA 1-70-075 cowling with 1-40-060 spinner; M^. = 


over top surface of 
0.13. 
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Figure 24.- Effect of propeller operation on average total -pressure coefficient for flow just 
outside boundary layer of cowling. NACA 1-70-075 cowling with 1-40-060 spinner; 

M t = 0.13. 
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(a) V./V Q used as independent variable. 

Figure 25.- Effect of test Mach number on predicted critical Mach number for NACA 1 -series 

open -nose cowlings. 
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Figure 25.- Concluded. 
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Figure 26.- Factor C in equations (9) and (10) of appendix A as a 
function of inlet -velocity ratio and free -stream Mach number. 
(Symbols are used only for purpose of identification.) 
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Figure 27. - Schematic diagram illustrating effect of compressibility- 
on the stream tube containing the internal flow at a constant 
inlet -velocity ratio. 
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Figure 28.- Variation of inlet -area ratio with inlet -diameter ratio 
for several spinner -diameter ratios. 
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Figure 29.- Variation of inlet -velocity ratio with mass-flow coefficient for given Mach numbers 

and inlet -area ratios. 
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(a) 2E® = 0.40. 
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Figure 30.- Predicted critical Mach numbers for the NACA 1-55-150 cowling. (Ticks locate 
minimum design values of V i /V Q determined by separation from spinners.) Propeller 
removed. 
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Figure 30.- Continued. 
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(c) -^=0.80. 

Figure 30.- Concluded. 
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Figure 31.- Predicted critical Mach numbers for the NACA 1-55-100 cowling. (Ticks locate 
minimum design values of V./V determined by separation from spinners. ) Propeller 
removed. 
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Figuie 32.- Predicted critical Mach numbers for the NACA 1-55-050 cowling. (Ticks locate 
minimum design values of V^/V Q determined by separation from spinners.) Propeller 
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Figure 33.- Predicted critical Mach numbers for the NACA 1-60-100 cowling. (Ticks locate 
minimum design values of V^/V Q determined by separation from spinners.) Propeller 
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Figure 33.- Continued. 
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Figure 33.- Concluded. 
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Figure 34.- Predicted critical Mach numbers for the NACA 1-60-075 cowling. (Ticks locate 

minimum design values of V i /V Q determined by separation from spinners.) Propeller o 
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Figure 35.- Predicted critical Mach numbers for the NACA 1-70-100 cowling. (Ticks locate 
minimum design values of V./V determined by separation from spinners.) Propeller 
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Figure 35.- 
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Figure 36.- Predicted critical Mach numbers for the NACA 1-70-075 cowling. (Ticks locate 
minimum design values of Vj/Vq determined by separation from spinners.) Propeller 
removed. 
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Figure 37.- Predicted critical Mach numbers for the NACA 1-70-050 cowling. (Ticks locate 
minimum design values of Vj/V 0 determined by separation from spinners.) Propeller 
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Figure 37.- Concluded. 
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Figure 38.- Predicted critical Mach numbers for the NACA 1-85-050 cowling. (Ticks locate 
minimum design values of V i /V Q determined by separation from spinners.) Propeller 
removed. 
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Figure 38.- Continued. 
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Figure 38.- Continued. 
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Figure 39.- Predicted critical Mach numbers for the NACA 1 -series 
cowlings and cowling -spinner combination as a function of inlet - 
velocity ratio, propeller removed, a = 0°. 




126 


NACA RM No. L8A15 


No spinner 

D s /D = 0. 20 

.30 

.40 

.50 


NA CA 1-55-05 0 co w/incj 


.8 

.7 

"cr 

.6 


.5. 
































f 











; 

(s/' 

o = 

0.4 

to 

























NACA 1-60-100 cow/iny 


■ 5% 












/ 


> 








f 

i 

/ 








/ 

' /■ 









f 

/ 

f 

h 

r 

/ 

V' 

0 = < 

0.4 

0 




•7 






/ 

f 

/ 










O .2 .4 .6 .8 10 0 .2 .4 6 8 /O 


.8 

.7 

M 

' 'cr 

.6 

.5 
































7 










1 


xj 

D , 

:OA 

50 







s / 



















.8 












■ 




















/' 










7 

! 








/ 

/, 

t'l 



V 

'd , 

-.0 . 1 

6(9 



7/ 
1 / 

/ 

/ 






T 

i 

71 










O .2 .4 .6 .8 /.0 "'O .2 .4 .6 .8 /.O 


.8 


.7 


n 


cr 

.6 

■ 5 












































(s/ 

D = 

a 5 

0 























8 


.5 





















/ 








/ 


/ 








"T 

i 

1 


t 









/ 


/ 

f 5 / 

D = 

a 6 

0 

1 




/ 







/ 










0 72 74, i .6 78 10 O .2, , .4 -6 .8 /.0 

(W)cr 


cr 


(b) NACA 1-55-050 and 1-60-100 cowlings. 
Figure 39.- Continued. 
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(c) NACA 1-60-075 and 1-70-100 cowlings. 
Figure 39.- Continued. 
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Figure 39.- Continued. 
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Figure 40.- Effect of spinner location on the predicted critical Mach number for the NACA 
1-70-100 cowling with the 1-40-040 spinner, propeller removed. 
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Figure 41.- Effect of spinner shape on the predicted critical Mach number for the NACA 

1-70-075 cowling, propeller removed. 
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Figure 42.- Effect of inner lip shape on predicted critical Mach number of top surface of 

cowling, propeller removed. 
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Figure 43.- Effect of propeller operation on predicted critical Mach 
number for the NACA 1-70-075 cowling with the 1-40-060 spinner. 



Figure 44.- Comparison of experimental and estimated propeller installed values of predicted 
critical Mach number for the NACA 1-70-075 cowling with the 1-40-060 spinner; a = 0 , 

— = 0.51 (the selection point for the propeller -removed condition, see fig. 43). 
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(a) Open-nose cowlings. 

Figure 45.- Construction curves for the determination of envelope 
values of predicted critical Mach number and inlet -velocity ratio, 
propeller removed, a = 0°. 
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(b) 


Cowling -spinner combinations, 1-30-040 spinner. 


Figure 4 5. - C ontinued . 
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(c) Cowling-spinner combinations, 1-40-060 spinner. 
Figure 45.- Concluded. 
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Figure 46.- Envelope values of predicted critical Mach number and inlet -velocity ratio as a 
function of spinner proportions, propeller removed, cc = 0°. 
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Figure 47.- Effect of geometric proportions of NACA 1 -series cowlings 
on envelope values of predicted critical Mach number, propeller 
removed, a = 0. 



Figure 48.- Comparison of envelope values of (V;/V 0 ) for NACA 1 -series open -nose cowlings 

\ 'cr 

with values calculated for equal critical Mach number cowlings having same inlet diameters, 
sharp inlet lips, and absolutely uniform surface pressure distributions; a = 0°. 
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Figure 49.- Experimental and calculated effects of spinner proportions on inlet -velocity ratio required 
to obtain a critical Mach number equal to the design value for the open-nose cowling; flow over 
spinners not separated, a =0°. 
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Figure 50.- Illustration of method used for selecting design points. NACA 1-40-060 spinner, 

- = 0.70, propeller removed, a= 0°. 
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Figure 51.- Desigr; conditions for NACA 1 -series cowling -spinner combinations as a function of 

spinner proportions, propeller removed. 
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Figure 51.- Continued 
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Figure 51.- Continued 
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(d) a = 2° (Concluded). 
Figure 51.- Concluded. 
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(a) a = 0 . 


Figure 52.- Selection charts for NACA 1 -series cowling configurations 
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(b) a = 0° (Continued) 
Figure 52.- Continued, 
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(c) a = 0° (Concluded). 
Figure 52.- Continued. 
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Figure 52.- Continued 
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(e) a = 2° (Continued) 
Figure 52.- Continued 
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(f) a = 2° (Concluded) 
Figure 52.- Concluded 





cn 


Figure 53.- Design values of critical Mach number and inlet -velocity ratio for NACA 1 -series 

open-nose cowlings. 
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Figure 54.- Schematic diagram defining quantities considered in theoretical calculations of 

appendix A. 
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